This study investigates the light-color-dependent bias stress effect on an amorphous indium-gallium-zinc-oxide (a-IGZO) thinfilm transistor (TFT). The color of incident photons with energies lower than the optical band gap of IGZO (3.2 eV) was varied from blue to infrared. Regardless of the bias polarity, light is regarded as a promoter for bias-stress-induced instability. The light response of the a-IGZO TFT is both color-and bias-polarity-dependent. Amorphous metal-oxide thin-film transistors, such as amorphous indium-gallium-zinc-oxide thin-film transistors (a-IGZO TFTs), are devices with potential for use in display applications.
Amorphous metal-oxide thin-film transistors, such as amorphous indium-gallium-zinc-oxide thin-film transistors (a-IGZO TFTs), are devices with potential for use in display applications. 1, 2 Furthermore, IGZO is predicted to be insensitive to visible light, thereby meeting the requirement of certain electric-optical applications. In this study, we used visible light and infrared light for illumination to understand the actual response of an IGZO TFT to the sub-band-gap photons.
Although IGZO possesses a high optical band gap (3.2 eV) (Ref.
3) and is transparent, IGZO TFTs still exhibit a non-ignorable photoresponse to visible light when illuminated. [4] [5] [6] Some studies have reported that illumination can enhance the negative gate bias (V G ) stress effect. [5] [6] [7] However, thus far, a study involving the full spectrum of colors and overall gate bias conditions that include negative bias, floating, and positive bias, has not yet been conducted. According to the experimental results of this study, the trapping effectregardless of being the result of a positive or negative gate bias-can be enhanced by illumination.
In this study, it is observed that a negative threshold voltage (V TH ) shift does not occur only with illumination for 60 s; however, it actually occurs by sequential negative V G application. On the contrary, the light-induced positive V TH shift is only generated by applying both illumination and positive V G concurrently; the active colors ranged from blue to infrared, indicating that electron trapping can be generated by photons with energy as low as 1.4 eV under positive gate bias.
Experimental
A 100-nm-thick layer of thermal silicon nitride (SiN x ) was grown on heavily doped Si wafers to serve as the gate dielectric. The active layer was formed by depositing a 35-nm-thick layer of a-IGZO (In:Ga:Zn ¼ 1:1:1 atom %) onto the thermally grown SiN x through a shadow mask, using radio-frequency (RF) sputtering. The gas introduced during sputtering was argon. The annealing process at 350 C was conducted in a nitrogen furnace for 1 h. Finally, a bottom-gate top-contact a-IGZO TFT was completed after a 50-nmthick layer of aluminum (Al) was deposited through a shadow mask to form the source and drain contacts. The device channel length (L) and channel width (W) were fixed to 400 and 1000 mm, respectively.
In this study, blue, green, red, and infrared LEDs were employed as light sources. They possess spectrum peaks at 470, 520, 700, and 915 nm, respectively. The power densities of all LEDs on the samples were unified at 1.2 mW/cm 2 . Figure 1a shows the transfer characteristics of the a-IGZO TFT, measured under blue illumination. The transfer curve shifts in the direction of negative V G with illumination time. With the exception of the V TH shift, illumination does not noticeably influence other parameters such as the sub-threshold voltage swing (S.S.), field-effect mobility, and on/off ratio. In the case of ultraviolet (UV) illumination, an increase in both the S.S. and the off-current was generally observed. 8 However, a noticeable V TH shift of 2.2 V was attained after 380-s illumination, even while the photon energy (2.6 eV) was less than the optical band gap of IGZO (3.2 eV). On the other hand, Fig. 1b shows a positively shifted transfer curve during infrared illumination. An even lower photon energy of 1.4 eV causes V TH to shift in the opposite direction (positive V G ). Figure 1c shows the V TH shifts of the IGZO TFTs, which were subjected to various colored illuminations, plotted as a function of illumination time. Two mutually opposite temporal evolutions were found. Blue and green lights resulted in a negatively shifted V TH ; the variation is substantial, but slow. On the other hand, red light and infrared light cause a positive shift in V TH . In this case, the variation is small, but fast; a saturated V TH is attained promptly after the light is switched on. Figure 1d shows the spectra of LEDs. All employed light sources in this study possess a sub-bandgap (IGZO) photon energy; however, they all affect the a-IGZO TFT. The results show that during the transfer curve measurements, two opposing mechanisms dominate the final photo-response. One transfer curve was completed by going through two different bias phases, i.e., negative V G and positive V G ; the negative V G stress effect can override the positive V G stress effect; however, the negative V G stress only takes effect upon illumination with higher photo-energy (blue and green); though the positive V G effect is relatively weak, it is seen for all light sources used in this study. The following experimental results will further support this assumption.
Results and Discussion
To distinguish the effects of various V G conditions, a series of experiments were conducted in this study. In the dark, the IGZO TFT is not adequately stable during the positive V G stress (e.g., V G ¼ 20 V, 60 s), but can be stable during the repeated I D -V G measurement; therefore a I D -V G measurement with only the positively scanned V G points was employed to examine the light effect under positive V G application. Figures 2a and 2b show the ffiffiffiffi ffi I D p À V G curves probed before and under illumination, of blue light and infrared light, respectively. V G scanning was initiated from 1 V. All colored illuminations (from blue to infrared) made a positive V TH shift of 0.7 V. Figures 2c and 2d show the effects of blue and infrared illuminations, respectively, in electrically floating conditions. The transfer curves were probed before and after 60-s illuminations (V G scanning was initiated from À15 V). Only blue (DV TH ¼ À0.7 V) and green (DV TH ¼ À0.4 V) illuminations were able to induce a photo-response; however, the illumination did not induce a negative V TH shift directly, as the probed negative V TH shift was referred to the sequentially applied negative V G during I D -V G measurement. V TH will be stable if the V G points below zero are not be scanned. The results also indicate that the light-induced hole trap states still remain after illumination and are then occupied by holes during the negative V G application, even if the bias duration is only the transfer curve measuring time.
z E-mail: hsiaowen@mail.nctu.edu.tw Because the IGZO TFT is stable in the dark during the negative V G stress (e.g. V G ¼ À20 V, 60 s), a negative V G stress was employed to examine the light effect under negative gate bias application. Figures 2e and 2f show the effect of blue and infrared illuminations that were performed accompanied with a negative gate bias stress of À20 V. Only blue (DV TH ¼ À2.7 V) and green (DV TH ¼ À1.3 V) illuminations were able to induce a photoresponse. However, the effect is much greater than in the case of electrically floating conditions. Light-induced electron trapping will vanish quickly after illumination, even if positive V G is still applied. Therefore, one real-time photo-transistor with a negative photo-current can be developed to sense light with a sub-band-gap photo-energy as low as 1.4 eV (infrared). Figures 3a-3d show the real-time photo-responses to the blinking LEDs that are blue, green, red, and infrared in color, respectively. The switching action of the LEDs is shown in Fig. 3e . The blinking frequency of the LEDs is 1 Hz, and a decreased drain current is probed during the light period. A real-time photo-responsivity of approximately 0.2 A/cm 2 (Ref. 9 ) is extracted from all LEDs that were used.
The possible mechanism described by the energy diagrams is shown in Fig. 4 . Figure 4a shows the energy band condition of the electrically floated IGZO TFT under illumination. The oxygen absorbing on the air-facing surface can trap the mobile electrons in IGZO to reduce the carrier concentration in the IGZO body. [10] [11] [12] If the incident light has high photo-energy (wavelength shorter than that of green light), the illumination will facilitate the formation of the hole trap states [5] [6] [7] or the relaxation of absorbed oxygen, 12 which will not directly result in a V TH shift without applying a negative V G . Furthermore, the effect is persistent even after illumination is stopped.
13 Figure 4b shows the effect of negative gate bias on the V TH shift under or after illumination. In this case, the IGZO body is depleted. The electric field across the body will collect holes at the dielectric surface and then enhance hole trapping by light-induced trap states or remove the light-loosened absorbed oxygen. For lightinduced hole trapping, the light-generated oxygen vacancy (V O 2þ ) on the dielectric surface may be the mechanism. 5 Either hole trapping or absorbed oxygen removal can result in a negative V TH . Figure 4c shows another condition with the application of the positive gate bias. All the colors employed in this study can induce electron trapping, causing a positive shift in V TH . However, illumination and positive V G must be applied concurrently to move V TH . The positive V G stress effect (creating a positive V TH shift) is a generally observed unstable behavior of the IGZO TFTs, which may be caused by the breaking of weak chemical bonds.
14 Light may be able to provide additional energy to enhance the effect. The behaviors of lightinduced positive and negative bias stresses are quite different. For the V TH shift caused by positive bias stress, the illumination and bias must exist concurrently. For the V TH shift caused by negative bias stress, the illumination and bias can be applied sequentially.
Conclusions
This work provides an analysis of the photo-responses of an a-IGZO TFT to the colored illuminations that are transparent to IGZO. Generally, IGZO is predicted to be insensitive to visible light; however, this study found that IGZO TFTs exhibit high susceptibility. In this study, the incident colored lights alone do not cause V TH shift directly, but enhance the bias stress effects of both polarities. The light-enhanced bias stresses, which result in positive or negative V TH shifts, were strongly dependent on both the light color and the gate bias condition. Moreover, the a-IGZO TFT can serve as a real-time photo-detector for visible light or infrared light. 
